We demonstrate use of the modulation transfer function method in the spectral domain for dynamic measurement of the spectral resolution and modulation contrast of acousto-optic light dispersive delay lines and programmable filters with synthesized transmission. The method is useful for performance characterization of acousto-optic devices for ultrafast pulse shaping and adaptive spectroscopy. The modulation transfer function (MTF) formalism is widely used for performance evaluation of various optical systems [1] . Conventionally, the MTF is defined as a system response to a periodic rectangular or sine pattern with variable modulation frequency. For example, the spatial MTF is a standard method for measurement of the spatial resolution in imaging systems [2] . Application of the spectral MTF for characterization of grating spectrometers has also been proposed [3] .
The modulation transfer function (MTF) formalism is widely used for performance evaluation of various optical systems [1] . Conventionally, the MTF is defined as a system response to a periodic rectangular or sine pattern with variable modulation frequency. For example, the spatial MTF is a standard method for measurement of the spatial resolution in imaging systems [2] . Application of the spectral MTF for characterization of grating spectrometers has also been proposed [3] .
In the field of acousto-optics, the time-domain MTF is used to estimate the rise time (modulation bandwidth) of acousto-optical (AO) modulators [4] ; use of the MTF in the spatial domain is an appropriate method to measure the spatial resolution of AO imaging filters [5] . Nevertheless, the application of the MTF formalism in the spectral domain for evaluation of the spectral resolution of AO devices has not been considered yet.
In past years, AO light dispersive delay lines (LDDLs) for ultrashort laser pulse shaping and AO filters with electronically synthesized transmission function for matched spectral processing were proposed [6] [7] [8] [9] [10] . These types of AO device are used for spectral modulation of broadband emission. Here, we shall not distinguish between LDDLs and AO filters with a synthesized transmission function because of their similar construction and operational principles based on dispersive RF control. In this Letter we have adopted the general concept of a spectral MTF for that type of AO device.
The principle of LDDL operation is based on the AO interaction between broadband optical emission and broadband quasi-linear frequency modulated (QLFM) ultrasound in birefringent crystals. Usually, spectral resolution of LDDLs has been characterized in the static operation mode [11] . These measurements can be done in different ways [4] : either the diffraction efficiency for incoming CW monochromatic laser emission is measured when an ultrasonic frequency is slowly swept in the AO crystal, or a broadband white light source with a CW single-frequency RF generator and a spectrograph are used. In both cases, the ultrasonic wave in the AO crystal is static or slowly varying.
Theoretically, the minimum FWHM passband δλ of collinear and quasi-collinear AO devices is inversely proportional to the acoustic wave travel time through the crystal [4] . Nevertheless, various physical factors can cause passband broadening. The first is attenuation of ultrasound in the crystals and ultrasonic beam divergence owing to crystal strong elastic anisotropy [4] . Second, the profile of the spectral transmission function depends on the diffraction efficiency. Third, group mismatch during diffraction of ultrashort optical pulses can cause an additional increase in the passband [12] . Finally, the resolution of QLFM driving RF signal can also be limited by fundamental restrictions of information theory. But the key point is the following.
Unlike the ordinary AO devices, the typical operational mode of LDDLs is rapid linear frequency scanning coupled with amplitude and phase modulation, i.e., the dynamic QLFM mode. It is the basis for the synthesis of programmable spectral amplitude and phase transmission functions of the AO device. The dynamic transmission function of these AO devices is complex, rather than real as in the static wave [9] . The argument of the synthesized complex transmission function is responsible for optical dispersion, while the modulus defines the profile of the spectral transmission window.
These phenomena make the standard static method of spectral resolution measurement inappropriate for the characterization of the dynamic spectral resolution of the AO devices, operating in QLFM mode. The method utilizing spectral the MTF formalism seems to be promising for this purpose.
During the MTF measurement, we define the spectral transmission function of the LDDL as a set of periodic binary patterns. The response can be measured at any output, either Bragg or zero order. First, a reference flat-top transmission is defined:
where W ω is the rectangular window function with the center at ω 0 and the width Δω. The quadratic spectral phase in Eq. (1) is used to chirp the RF waveform. The value of the second-order dispersion B 2 is proportional to the RF waveform duration T rf and inversely proportional to the emission bandwidth Δω [13] .
The reference transmission function is multiplied by the modulated pattern, resulting in the following transmission spectrum:
where ν λ is the frequency of the modulation pattern in the wavelength domain, which can be characterized with a number of cycles per nanometer (cycles/nm), and U is the Heaviside step function. A rectangular modulation pattern was used instead of a sinusoidal one, because at low modulation frequencies this pattern also provides a step response of the system. The RF waveforms that provide the transmission spectra H ref ω and H mod ω are calculated by using the discrete Fourier transform of expressions (1) and (2) with respect to the tuning relationship of the LDDL (acoustic frequency F versus the optical wavelength λ). The spectrum of the RF signal is modulated with the frequency ν rf ≈ λ∕Fν λ . The schematic experimental setup for MTF evaluation of the LDDL spectral resolution is shown in Fig. 1 . The RF waveform is synthesized with the arbitrary waveform generator. Parameters of the RF waveform are controlled with the digital storage oscilloscope or with the RF spectrum analyzer. The amplified RF waveform is applied to the LDDL. Broadband laser emission from the femtosecond master oscillator is incident at the AO device; the transmitted emission spectrum is measured with the high-resolution spectrograph.
First, the flat-top broadband transmission function is measured as a reference, yielding I ref λ. Second, the transmission function is periodically modulated, providing I mod λ for each frequency of the modulation pattern ν λ . Then, the normalized modulation response of the AO device under test is calculated as
Modulation M and contrast C are evaluated as follows:
where hI max i and hI min i are the averaged intensities of maxima and minima in the modulation response. The spectral MTF method was applied for characterization of a custom-designed paratellurite-based LDDL [13] . The device had the central acoustic frequency F 75 MHz and the acoustic wave travel time T ac 71.6 μs, which provided the theoretical estimation of the passband δλ theor 0.24 nm at λ 800 nm. That value is well correlated with the static bandwidth measurement δλ stat 0.30 nm. A Ti:sapphire master oscillator with emission bandwidth 90 nm FWHM centered at 800 nm was used as a light source. The spectral window of the LDDL was chosen to be equal to Δω 0.38 fs −1 (Δλ ≈ 120 nm). In the experiment, only the central region of the emission spectrum was used to provide a flat-top spectral intensity.
An example of particular modulation response measurement is shown in Fig. 2 . The RF waveform and the frequency profile are plotted in Fig. 2(a) . The RF spectrum in Fig. 2(b) has equally spaced maxima, and the contrast is better than 17.5 dB. The measured spectral response is shown in Fig. 2(c) for both reference transmission I ref λ and modulated transmission I mod λ. Analysis of the normalized transmission Iλ yields the modulation depth M 0.52 and the contrast C 5.0 dB for this particular measurement.
In the following series of experiments, we obtained the MTF of the LDDL at different values of RF waveform duration T rf . The results are plotted in Fig. 3 . All three plots nearly coincide at ν λ < 1 cycles∕nm, but a cutoff of the MTF curve with T rf 25.6 μs is observed at ν λ ≳ 1.2 cycles∕nm. According to the sampling theorem for time-limited RF signals, the spacing of samples in the frequency domain is 1∕T rf . To provide proper reproduction of the periodically modulated spectrum, the modulation period should exceed the sampling interval at least by a factor of 2. Thus, the maximum modulation frequency for the RF spectrum is ν rf T rf ∕2 12.8 cycles∕MHz. The corresponding frequency of the modulation pattern in the optical wavelength domain is ν λ ≈ 1.16 cycles∕nm, which fits the experimental data well. If the waveform duration T rf were less than 25.6 μs, the cutoff of the MTF curve would take place at lower modulation frequency ν λ and spectral resolution would degrade further. For the other curves in Fig. 3 , T rf 51.2 μs and T rf 76.8 μs, the RF cutoff takes place at ν λ > 2.3 cycles∕nm, and MTF plots almost coincide within the measurement range.
The MTF curves have two regions that provide different information about the performance of the LDDL. The high-frequency region ν λ ≳ 0.5 cycles∕nm characterizes the spectral resolution of the device. The threshold M 0.5 takes place at the modulation frequency ν λ ≈ 1.2 cycles∕nm; i.e., the period of the modulation pattern is 0.84 nm. The low-frequency region ν λ ≲ 0.5 cycles∕nm characterizes the contrast of the LDDL. The modulation M > 0.98 corresponds to the high contrast value C ≈ 20 dB.
We compared the MTF measurement of dynamic spectral resolution with a static method using the Rayleigh criterion. The ideal band shape of the AO device at low diffraction efficiency is
The modulation depth M 0.5 corresponds to the contrast I max ∕I min 3. The same peak-to-saddle intensity ratio can be obtained in the sum of two-shifted band shapes given by Eq. (5) when their maxima are separated by the interval 1.5δλ. Applied to the LDDL that we have tested, 1.5δλ stat 0.45 nm. Thus, the static measurement provides a passband that is almost twice narrower than the true spectral resolution in dynamic operation mode. This evidently shows that the resolution of spectral AO device should be measured under conditions that are similar to its regular operation mode.
In conclusion, we applied the concept of MTF method to measuring spectral resolution of AO devices employing dispersive RF control: filters with arbitrary tailored transmission functions and LDDLs for ultrashort laser pulses. The developed method provides a full characterization of the device, including modulation contrast and dynamic spectral resolution.
